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ABSTRACT Three-dimensional GaN micro- and nanorods with high aspect ratio have recently 
gained substantial interest in LED research, due to their reduced defect density, their non-polar 
sidewalls and their increased active area. Here, we present an alternative geometry for high aspect 
ratio 3D nanostructures: vertically standing GaN “walls”, so called GaN fins. With high aspect 
ratios, these GaN fins exhibit the same interesting characteristics as their rod counterparts 
mentioned above. Beyond that, due to their geometry, the respective material analysis and device 
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processing can be expected to be less complex. We are able to demonstrate the highly reproducible 
selective area growth of these fins by continuous mode MOVPE. Fin heights of more than 50 µm 
(aspect ratios of nearly 14) could be achieved and growth rates are as high as 22.8 µm/h in the 
beginning of the growth. The sidewalls are smooth non-polar <11-20> a-planes, suitable for 
optoelectronic devices due to the missing quantum-confined Stark effect and less edge effects 
compared to rods. We investigate the influence of pattern orientation and geometry on the fin 
morphology. Moreover, the influence of silane flow, which is known to enhance the vertical 
growth rate, and other growth parameters are systematically explored.  
INTRODUCTION GaN is the material of choice for solid state lighting since many years. 
Conventional light emitting diodes (LEDs) based on the (Al,In,Ga)N material system are generally 
grown in a planar geometry using c-oriented thin film deposition. These planar GaN, AlGaN and 
InGaN films are characterized by a huge density of threading dislocations due to lattice mismatch 
to each other and to the underlying growth substrate, typically sapphire, SiC or silicon. The polar 
c-orientation of the layers leads to high piezoelectric fields in the multi quantum well (MQW) 
region. In spite of these properties, very high quantum efficiencies can be reached in LEDs for 
certain indium concentrations, but both high defect density and piezoelectric effects are viewed as 
being disadvantageous for certain applications like laser diodes or higher indium content quantum 
wells. The m-plane quantum wells of three-dimensional (3D) micro- or nanorods in a core-shell 
geometry are both defect free and free of piezoelectric effects1. In addition, the large sidewall 
surface allows for increasing the light emitting area of LED devices without increasing the 
necessary substrate area2, potentially reducing production cost per lumen substantially and 
increasing the luminous density. 
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Three-dimensional (3D) GaN structures are usually either directly grown by MOVPE in a selective 
area growth (SAG) process in order to reduce the dislocation density due to the small footprint3, 
or deep etched into a GaN thin film in order to release its strain4. 3D n-GaN structures have already 
been used as the basis for core-shell LEDs with MQW and p-GaN shell layers5. These QWs do 
not exhibit the quantum-confined Stark effect (QCSE)6, since they are grown on non-polar m-
oriented sidewalls.  
As already mentioned in literature, there are several advantages of core-shell rod LEDs over 
conventional planar LEDs7,8. In order to exploit these interesting advantages, the 3D geometry 
does not necessarily need to be rod-like, but could also be in a so-called fin shape, including a few 
distinct advantages in comparison to microrod structures. These fin structures are long, thin and 
high GaN walls with non-polar sidewalls and aspect ratios (height to width as well as length to 
height) much larger than one. The growth of III-nitrides in fine wall-shaped structures, mainly by 
molecular beam epitaxy (MBE), was already shown by Kishino and Kikuchi9. MOVPE growth of 
these fin structures was demonstrated by T.-W. Yeh et al.10 and by A. K. Rishinaramangalam et 
al11. Due to the small footprint of fins and due to defect annihilation at the sidewall surfaces, lower 
defect densities can be expected as compared to planar GaN layers. In addition, core-shell fin LEDs 
have, under certain circumstances, an even larger active area ratio (AAR), i.e. active area 
(equivalent to surface area) to substrate area in comparison with core-shell rod LEDs: For 





 with considering the 
height H, diameter D (defined as two times the circumradius of the hexagonal rod) and pitch P 
(defined as distance between the centers of neighboring structures) of the columns, respectively. 
If the end facets of the fins are neglected, for fin LEDs it is 𝐴𝐴𝐴𝐴𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓 =  
2𝐻𝐻
𝑃𝑃
 with the height H and 
pitch P of the fins, respectively. Taking the same diameter D (for rods) or width W (for fins) and 
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For a pitch of more than 1.7 times the diameter or width, the AAR for fins is larger than that for 
rods. This prerequisite is fulfilled in most core-shell rod LED designs, since the outer shell layers, 
e.g. the p-GaN, need additional space in between the structures. Furthermore, the structures should 
have enough distance between each other to couple out light with high efficiency. If micro-grained 
optical converter materials filled into the 3D-ensemble are used for white light applications, even 
more space is required between the rods or fins.  
Besides the greater AAR of fins, the vertical current density in the fin LED core is less than in a 
rod core, assuming comparable active area and driving conditions. This is due to a larger footprint 
area per active area for fins than for rods. Thus, the current density in the base area is reduced and 




, while for fin LEDs it holds 𝐹𝐹𝐴𝐴𝑓𝑓𝑓𝑓𝑓𝑓 =
𝑊𝑊
2𝐻𝐻
. Taking again the same diameter or width 




≈ 2.31.  
Another advantage of GaN fins is their much easier fabrication: Less effort is needed for 
lithography masks since a precise pattern profile is necessary in one dimension only, which is less 
critical for nanoimprint lithography and allowing laser interference methods to be used. Also, the 
analysis of single fin LEDs is much easier. E.g. by cleaving the samples perpendicular to the fin 
longitudinal direction, a cross-sectional view into the structures can easily be achieved, which is 
extremely difficult for rod geometries. Also, GaN fins have higher mechanical stability than rods 
and therefore are less sensitive to further processing steps. Unlike GaN fins, rod structures offer 
six large edge lines between the sidewall facets. Therefore, boundary effects, like e.g. an increased 
indium content at the edges between two non-polar planes due to different strain relaxation12,13 
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could become an issue. In this respect, fins can be expected to be much more homogeneous. For 
the same reason, the current conducting path inside the n-GaN core could be more uniformly for 
GaN fins10. Last but not least, the fins provide relatively large non-polar surfaces, each of several 
thousand µm², at a low cost. These surfaces could be viewed as “vertical a-plane GaN pseudo 
substrate” with low defect density, which can be used to study the properties of non-polar GaN 
without the necessity to use very expensive a-oriented GaN substrates. Such fins could be applied 
for LEDs10,11, but also for laser structures, Fin-FETs or HEMTs, waveguides14 and much more.  
GaN fins, also called nanowalls or nanosheets in other publications, with {1-100} non-polar 
sidewall planes and aspect ratios of two or more have already been fabricated by pulsed growth 
mode selective area in MOVPE10,11. In this article, we demonstrate the growth of GaN fins with 
{11-20} non-polar sidewalls by continuous growth mode selective area MOVPE. The growth rates 
are enhanced compared to pulsed growth mode and thus large vertical dimensions of the fins are 
shown. Aspect ratios of almost 14 could be achieved, the highest ever reported for bottom-up GaN 
fin geometries. The dependencies on pattern orientation, pattern geometry and growth conditions 
are described.  
EXPERIMENTAL SECTION The fin structures were grown by SAG on 2” wafer templates of 
two different kinds, either SiOx on GaN on sapphire or SiOx directly on sapphire. The 30 nm thick 
SiOx masking layer was structured by photolithography. Either a lift-off process with an image 
reversal lithography step and SiOx evaporation or a positive lithography step with subsequent dry 
etching of the SiOx (by inductively coupled plasma, using SF6) is applied. The photolithography 
is done with a 300 nm thick layer of AZ 5214E. Both techniques resulted in very comparable fin-
like structures. The lithography mask consists of different patterns of line openings with lengths 
of 10 µm, 25 µm, 50 µm, 100 µm, 250 µm, 500 µm and 1000 µm, with pattern widths (Wp) of 0.5 
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µm, 1 µm, 1.5 µm and 2 µm and pitches of three, six and nine times the width (see Figure 1). These 
patterns are repeatedly rotated by 15° relative to each other, arranged in a circle with six patterns 
of lines parallel to the a-direction (resulting in fins with m-plane sidewalls), six patterns of lines 
parallel to the m-direction (resulting in fins with a-plane sidewalls) and additional twelve patterns 
oriented in directions in between these two. Besides of this main circle of patterns, at the rim of 
the photolithography mask are structures with even longer line openings and with smaller rotation 
angles relative to m- and a-direction. The orientation of the lines is given as the angle to the 
sapphire wafer flat, taking into account the 30° twist of GaN growth with regard to the sapphire 
crystal. The angular alignment of the photolithography mask with respect to the GaN crystal is 
crucial and was secured by optical alignment. After patterning of the SiOx mask, the templates 
were cleaned in an O2 plasma. A vertical close coupled showerhead reactor with a 3 x 2” susceptor 
is used. The SAG of fins is similar to the process used for growth of GaN rods15,5. In the case of a 
SiOx on sapphire template, the growth process started with a nitridation, followed by a nucleation 
step and a 3D growth step with a V/III ratio of 150 at a temperature of 1070°C for 1500 s. The 
applied silane flow was 16.5 nmol/min. In the case of a SiOx on GaN on sapphire template, the 
growth process started with a cleaning step at high temperature under H2 atmosphere, followed by 
a filling step under layer growth conditions, standardly for 50 s, and a 3D growth step at 1060°C, 
a V/III ratio of 77 and a SiH4 flow of 0 nmol/min, 16.5 nmol/min or 36 nmol/min. Besides the 
silane flow, the filling time as well as the time of the 3D growth step have been varied.   
All data in this article were determined from scanning electron microscopy (SEM) images. The 
width of the fins, which is usually significantly larger than the pattern width Wp of the SiOx mask, 
is called Wr (‘real width’) here. For all statistical analysis, both, the width Wr and the height of the 
fins H were measured at three different points in each of four different patterns which have a length 
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of 1000 µm and which have the same orientation of the lines. Only patterns with regular and 
homogenous growth were taken into account for the statistics.   
All sidewall facets were characterized by measurements of their angle with respect to the c-plane 
in cross-sectional SEM images. 
 
Figure 1. Photolithography mask design with 24 fields rotated by 15° to each other and with one 
field shown in higher magnification, the inset shows SEM images of m-plane fins  
 
RESULTS AND DISCUSSION  
First, the SAG on GaN on sapphire templates will be discussed. If the mask lines are parallel to 
the a-direction, fins with {1-100} m-plane sidewalls emerged (inset in Figure 1). We call these 
fins m-plane fins from now on. Besides the m-plane sidewalls, the polar (0001) and semipolar 
10 µm 5 µm
GaN <1 00>1
see Fig. 2
<1 00>1 <11 0>2
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(mostly {1-101}) planes occurred, as also reported in other publications16,17. The semipolar facets 
are dominating the GaN fin structures observed in our case (see SEM image of cross-section in 
Figure 1 inset). Reasons for the large semipolar facets could be the relatively slow growth rate of 
the semipolar facet18,19 and the large mask line widths compared to the experiments by T.-W. Yeh 
et al.17. For high V/III ratios, similar results are published18, especially for the use of large widths 
of the mask openings20. 
For lines oriented in the m-direction, high aspect ratio fin structures with {11-20} a-plane sidewalls 
and a top surface consisting of some small semipolar facets with different facet angles were formed 
(Figure 2). These fins will be called a-plane fins from now on. The non-polar sidewalls have very 
smooth surfaces, whereas the top surface appears with a higher roughness (Figure 2b). For the 
growth on c-plane GaN, Sun et al.21 determined kinetic Wulff plots by differential SAG for two 
different GaN growth modes. For both of their growth conditions, the semipolar {11-22} facets 
showed a larger growth rate than the semipolar {10-11} facets21. Under specific growth conditions, 
the growth rate of {11-22} is even four times higher than that of {10-11}, as shown by Aagesen et 
al.19. For convex geometries like in the case of fin growth, the SAG structure is determined by the 
facet with lowest growth rate. Therefore, typically the {10-11} facets emerge more pronounced 
than the {11-22}. This could explain the structural differences observed in these GaN m-plane and 
a-plane fins. Henceforth, all further analysis is based on a-plane fins. 
In our case, the enlargement of the fin width Wr with respect to the pattern width Wp was not due 
to a misalignment as described elsewhere10, since an intended misorientation of 2° led to thinner 
or comparable Wr in our experiments. However, along the sidewalls of these intentionally 
misoriented lines, we found lots of steps, i.e. segments of m-facets (up to 1 µm in length) within 
the otherwise a-plane sidewalls. They appear in a mean distance of 6.25 µm, whereas on standard 
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patterns oriented precisely along the m-direction, we found the period of steps increased to 20 μm 
accompanied by a reduced length of below 200 nm. Therefore, we assume that the precision of the 
angular alignment during the photolithography is good enough to avoid uncontrolled influence of 
unintentional misalignments. 
At the rim along the line openings in the SiOx mask, a deep etching of the underlying GaN buffer 
can be observed (Figure 2c). As concluded from growth experiments, this etching is occurring 
during the high temperature cleaning step under H2 atmosphere at the beginning of the growth 
process. Some fins show vertically oriented holes, sometimes penetrating through their center from 
bottom to top, as it can be seen in the leftmost fin in Figure 2c. These holes are probably forming 
because there is no full coalescence of the initially separate seeds which nucleate in the mask 
openings starting from the rims.  
 
Figure 2. (a) SEM overview (5 kV, 40° tilt) of GaN a-plane fin pattern grown with 36 nmol/min 
SiH4 for 1200 s and (b) higher magnification of the same pattern, (c) cross sectional SEM image 




The growth of a-plane fins is strongly dependent on the pattern geometry (pitch/width). In general, 
for larger widths (Wp) and smaller pitches of the lines in the mask a more regular growth was 
achieved, i.e. the fins are homogenous in width and height along their length and they are very 
similar to their neighbouring fins in the same and corresponding patterns. Hence, the most 
comparable fins were grown in the patterns W1.5 P4.5 (width of 1.5 µm and pitch of 4.5 µm), W2 
P6 and W2 P12. We achieved growth of GaN fins both directly on sapphire substrates and on GaN 
buffer layers on sapphire. As expected, the dependence of the fin structure on the line orientation 
is the same in both cases. However, comparing the fins on these two different templates, the fins 
grown on the GaN buffer layer (growth time of 1200 s, 16.5 nmol/min SiH4) reach larger heights, 
e.g. in pattern W1.5 P4.5 they are 8.3 ± 0.6 µm, compared to fins grown on sapphire (growth time 
of 1500 s, 16.5 nmol/min SiH4) which reach a height of 4.0 ± 0.4 µm in the same pattern. Possible 
explanations for this height disparity could be either a growth delay on the sapphire template or an 
influence of the varying V/III ratio used on the different templates. The width of the fins is the 
same in both cases, and thus the aspect ratio is increasing for fins grown on GaN buffer layers. For 
waveguide applications the growth directly on sapphire could be advantageous. For core-shell fin 
LEDs, fins on a GaN buffer layer are superior because of the electrical contact of all structures via 
the n-doped buffer layer. Therefore and due to the higher aspect ratios, in the following sections 
fins grown on SiO2/GaN/sapphire templates will be discussed in more detail.  
In order to examine the growth parameters for fin growth, the filling time, i.e. the duration of the 
first growth step under layer growth conditions, was varied from 0 to 150 s, followed by a 3D 
growth step of 1200 s duration. For 0 s filling time, fins evolved but their height was reduced by 
ca. 40 % in comparison to longer filling times. In most of the patterns, the largest heights were 
achieved with a filling time of 50 s. This seems to be the optimum duration for enough but not too 
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many nucleation points. In the following, we studied the fins in more detail for a constant filling 
time of 50 s.  
By comparing fins grown for 1200 s with and without silane, the height of the fins grown with 
16.5 nmol/min SiH4 increased by about two times as expected due to a larger vertical growth rate 
by using SiH422,5,23,24. Nevertheless, also silane-free growth was possible and heights of 8.6 ± 0.5 
µm (pattern W2 P12) were reached. For the pattern W1.5 P4.5 the fins were 4.17 ± 0.26 µm high 
which corresponds to a growth rate of 12.5 µm/h without silane. 
To investigate the growth rate evolution over the time, the duration of the 3D growth step was 
varied from 600 s to 3 h, with a constant filling time of 50 s and a SiH4 flow of 16.5 nmol/min. In 




Figure 3. Measured height and width of a-plane fins with varying mask-opening width/µm (W) 
and pitch/µm (P) plotted over the growth time (each growth time corresponds to an individual 
sample). Inset shows a cross section of high aspect ratio fins grown for 10800 s. Some fins jut 
out over the cleaving edge of the sample.  
 
Whereas the width stays roughly constant after more than 1200 s of growth duration, the height is 
increasing mostly linearly with growth time, as expected. The very high initial growth rates are 
decreasing to still high values for longer durations: The initial growth rate up to 600 s for pattern 
W1.5 P4.5 is as high as 22.8 µm/h. After 2400 s, the growth rate decreases to about 15.4 µm/h in 
the same pattern. The reason for this decrease of growth rate could be due to the vanishing 
contribution of the sidewall diffused species and therefore less material transport to the top facets, 
as already reported for GaN columns25. Nevertheless, the total growth rate of 17.5 µm/h (SiH4 
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flow of 16.5 nmol/min) is much faster than the corresponding layer growth rates. For GaN rod 
growth, such high growth rates over long growth durations could be achieved only by adding a 
very high amount of silane (> 110 nmol/min)25. Summarizing, the new fin structures show 
significant higher vertical growth rates at low SiH4 flows than the GaN rods. This fact is expected 
to be a substantial advantage of the GaN fin approach, since lower SiH4 flows very likely lead to 
less point defects and therefore higher material quality. Furthermore the doping level can be 
controlled much better. 
It is interesting to note that there is no length limitation (in the longitudinal direction) of the GaN 
fin structures observed until now. The longest fin with a continuous height (around 17 µm) that 
we could observe was 8 mm in length (with a width of 8 µm). It was only restricted by the 
maximum line length in the photolithography mask.  
CONCLUSIONS For the first time continuous MOVPE growth mode has been used for fabricating 
GaN fins. High aspect ratios of up to 14 were achieved regarding height to width. The MOVPE 
growth of GaN fins with m- and a-plane sidewalls was studied systematically as a function of fin 
orientation and growth parameters. In contrast to other publications, in m-plane fins only low m-
plane sidewalls evolve and the structures are dominated by semipolar facets. Though, in a-plane 
fins, high aspect ratio fins with smooth a-plane sidewalls emerge, being well suited for further 
development of light emitting devices. These a-plane fins were analyzed in more detail. The 
growth on masked sapphire templates was comparable to the growth on masked GaN on sapphire 
templates. The SAG is successful even without SiH4 flow. High growth rates of up to 22.8 µm/h 
(with relatively low SiH4 flow) were achieved in some patterns. Fins with heights of more than 50 
µm were demonstrated for growth times of 10800 s. By increasing the time of the second 3D 
growth step, the width of the fins stayed almost constant, and the height was increasing linearly 
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with time without any indication of height saturation. GaN fins have many potential advantages 
over GaN rods, e.g. easier processing and growth, higher active area ratio (if the pitch is larger 
than 1.7 times the width/diameter) and larger non-polar facets without edge effects. GaN fin 
structures hence are suggested to be a very interesting new route for potentially realizing 3D light 
emitting devices for solid state lighting.   
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